When oil-droplet size in an O/W emulsion is reduced to a certain point, the oxidation reaction itself becomes a rate-limiting step because of the necessity for a sufficient supply of oxygen through the oil-water inter face. Therefore, it would be generally predicted that the lipid oxidation rate does not depend on further reduction in oil-droplet size. However, we propose two models, both of which predict that lipid oxidation is suppressed or retarded by reducing the oil-droplet size. In one, surfactants covering the oil-water interface anchor their hydrophobic moiety into the oil droplet to dilute the lipid to be oxidized. Decrease in the lipid concentration would bring about deceleration of lipid oxidation. In the other model, no influence of oxidized lipid in an oil droplet on lipid oxidation in other oil droplets is assumed. Under this condition, lipid oxidation is more retarded for smaller oil droplets. These two effects would synergistically operate to retard lipid oxidation with reduction of oil-droplet size in an O/W emulsion. Also with microencapsulated lipids the surface-oil content would affect lipid oxidation behavior. The effect of oil-droplet size on this parameter was examined by two-and three-dimensional models based on the percolation theory. Both predicted that surface-oil content would be lower for smaller oil droplets. It was also shown that the distribution of ratios of size of oil droplets to microcapsules had only limited influence. Therefore, stochastic models showed the possibility that lipid oxidation is suppressed or retarded by reducing the oil-droplet size in both O/W emulsions and microencapsulated lipid systems.
Introduction
Nanotechnology has received much attention in food science because of the progress in technology for reducing the sizes of particles [1, 2] . In this article, the effect of reducing the particle size in the dispersed phase (i.e., In this article, four models regarding the effect of the oil-droplet size on lipid oxidation in dispersed systems are discussed. The first model [3] explains the effect of the droplet size in O/W emulsions with specific attention paid to the hydrophobic moieties of the emulsifier molecules that cover the oil-droplet surface. In the second model [4] , the oxidized lipid molecules in an oil droplet are assumed to not affect the oxidation of lipid molecules in other oil droplets, and the effect of oil-droplet size on lipid oxidation in the emulsion system is predicted. In the microcapsulated lipid system, lipids would easily be oxidized because the microcapsules have a high surface-oil content, which is the fraction of the lipid exposed to the microcapsule surface. The third model [5] examines the effect of oil-droplet size on surface-oil content, and the effect of the ratio of the size of the oil droplet to the size fo the microcapsule on the surface oil is examined in the fourth model [6] . Three of the four models are stochastic models based on computer simulations.
Effects of oil-droplet size on lipid oxidation in O/W emulsions

General recognition of the effect
The solid curve in Fig. 1 represents the generally recognized dependence of the lipid-oxidation rate on the oil-droplet size in an O/W emulsion. Reduction of the oil-droplet size is generally thought to promote lipid oxidation because of the increase in the specific surface areas of the oil droplets. This would be true for O/W emulsions with relatively large oil droplets, in which oxygen transfer from the continuous phase (aqueous) to the dispersed phase (oil) is the rate-limiting step for oxidation. When the oil droplets become small enough, sufficient oxygen is supplied through the oil-water interface and the oxidation reaction itself is the rate-limiting step.
Therefore, it is predicted that the oxidation rate does not depend on the oil-droplet size. However, the effect of the oil-droplet size on lipid oxidation is not that simple.
Some papers [7, 8] have reported that the lipid oxidation rate is faster for smaller oil droplets, while other papers [3, 9, 10] have reported the opposite, i.e., that the rate is slower for smaller oil droplets. Other papers [11] [12] [13] [14] have reported that the oil-droplet size does not affect the oxidation rate. The use of different methods for assessing the oxidation rate is the most likely reason for the contradictory results. In these studies, the oxidation process was assessed via the formation of hexanal, which is one of the oxidation products, decrease of oxygen in the aqueous phase, decrease of oxygen in the gas phase over the emulsion, peroxide value of the lipid, etc. The induction period and half-life of lipid oxidation have also been As represented by the dashed curve in Fig. 1 , we predicted that the lipid oxidation rate would decrease as the oil-droplet size became sufficiently small in O/W emulsions. The models for this prediction are described in sections 2.3 and 2.4. The rate expression for lipid oxidation, which is the basis of the models, will be mentioned in section 2.2. Figure 2 shows the oxidation of ethyl γ-linolinate and ethyl arachidonate, which are n-6 polyunsaturated fatty acids, at 50℃ and 75% relative humidity [15] . Lipid oxidation is a complicated process that comprises three steps:
Lipid oxidation rate
Initiation, propagation, and termination. It is difficult to separately analyze the oxidation processes for the steps.
The overall process of lipid oxidation can be expressed using the autocatalytic-type kinetic equation, where the oxidation rate is assumed to be proportional to the product of the concentrations of the unoxidized (i.e., lipid) and oxidized substrates, as follows [15, 16] : (1) where C is the concentration of unoxidized lipid, C t is the total lipid concentration, t is the time, and k' is the rate constant. Equation (1) can be conver ted to a semidimensionless form by dividing both sides of the equation by C t to give the following equation: (2) where Y (＝ C/C t ) is the fraction of unoxidized lipid to the total lipid concentration and k (＝ k' C t ) is the rate con- 
Effect of the hydrophobic moieties of the emulsifiers on lipid oxidation
O/W emulsions with different oil-droplet sizes were prepared using a polyglycerol fatty acid ester and methyl linoleate as the emulsifier and oil phase, respectively.
The oxidation of methyl linoleate was measured at 40℃; selected results are shown in Fig. 3 [3] . The rate constant, k, and parameter Y 0 were evaluated by applying Eq. (Fig. 4) . Based on these assumptions, the rate constant, k, for an oil droplet into which the hydrophobic moiety penetrates is given by Eq. (4), as follows [3] : (4) where k 0 is the rate constant for the lipid that is not covered by the emulsifier, i.e., the rate constant of the lipid in a bulk phase. The V L , D H , and a values were estimated to be 0.41 nm 3 , 5 nm, and 0.3 nm 2 , respectively, from the emulsifier structure. The dependence of the rate constant for the oxidation of methyl linoleate on the oil-droplet size, D o , was also calculated. As shown in the inset of Fig. 3 , the calculated dependence correlates with the experimental curve.
The effect of reduction of the oil-droplet size on the oxidation rate constant was not significant for oil droplets larger than 100 nm; however, the value of the constant decreased when the oil-droplet diameter was smaller than 100 nm. The effect was remarkable for oil-droplets that were smaller than a few tens of nanometers.
Although the inset of Fig. 3 shows only one example, the oil droplets in O/W emulsions used in previous studies were too large for the effect to be significant.
Delay of lipid oxidation by reduction of oil-droplet size
The autocatalytic-type rate equation (Eq. any dimensionless time, θ, can be expressed using Eq.
(7).
Although many modes can be considered for the oxi- Consider an oil droplet that is 10 μm in diameter.
Assuming that the oil droplet consists of unsaturated fatty acids, which have a molecular mass and density of 300 g/mol and 0.9 g/mL, respectively, the droplet is estimated to contain ～10 12 molecules. The droplet was divided into 10 to 10 5 sub-droplets of the same size, and the oxidation processes of the unsaturated fatty acids in the sub-droplets were calculated (Fig. 6 ). For a large droplet consisting of 10 12 molecules, the period during which ～20 molecules were oxidized is the induction period; oxidation barely proceeds during this period.
However, after this period, oxidation proceeds rapidly. As the number of sub-droplets increases, the induction period for lipid oxidation increases and oxidation is more retarded. Thus, it is suggested that the reduction of oildroplet size in an O/W emulsion retards lipid oxidation because of the isolation effect.
In this model the dilution effect of the hydrophobic moieties of the emulsifier was not considered. The dilution ef fect would also occur in O/W emulsions. 9), as follows [19] : (9) where k is the rate constant corresponding to the aver- The effects of the volumetric oil fractions and oil-droplet sizes within microcapsules on the surface-oil content were examined via a computer simulation based on twoor three-dimensional models of percolation [21] , as depicted by square or cubic models, respectively. The square and cubic models were divided into N×N and N× N×N equal lattices, respectively, where N is the number by which a side of the models was divided. A random number ranging from 0 to 1 was generated for each lattice. When the number was smaller than the volumetric oil fraction, the lattice was considered to be occupied by oil. The oil in the lattices connected to the surface lattice on a side or plane in the two-and three-dimensional models was assumed to be extractable [5] . Figure 11 shows the effects of oil-droplet size on the surface-oil content in the two-and three-dimensional models [5] .
The oil-droplet size is expressed by 1/N, and larger N The relationship between the volumetric oil fraction and fraction of unoxidized lipid at which oxidation practically plateaued was also examined via a computer simulation based on two-or three-dimensional models of percolation; the analysis revealed that the two-dimensional model provides a more accurate representation of the experimentally obser ved relationship than the threedimensional model [5] . Therefore, the two-dimensional model reflects, to some extent, the phenomena occurring in the practical system.
Effect of oil droplet-to-microcapsule size ratio on the oxidation of microencapsulated lipids
In the above section, homogeneous oil-droplet and microcapsule sizes were assumed even though a practical O/W emulsion has distributions in both oil-droplet and microcapsule sizes. However, it is not easy to accurately simulate the oxidation process of microencapsulated lipids with varied oil-droplet and microcapsule sizes. Therefore, the surface-oil contents of microcapsules with dif fering oil droplet-to-microcapsule size ratios, x, were estimated based on the two-dimensional percolation model to examine the effects of differences in the size ratio. In the model, squares were divided into equal lattices that were sized to obey a log-normal distribution, f(x), as shown in Eq. (10) . The effects of the expectation, E, and variance, V, in the ratio and volumetric oil fraction on the surface-oil content were estimated [6] .
（10）
In Eq. (10), μ and σ are the parameters for the distribution and are related to the mean E and V by Eqs. (11) and (12), respectively.
(12) Figure 12 shows the effect of variance in the oil droplet-to-microcapsule size ratio on the surface-oil content with a ratio expectation of 0.02. The surface-oil content is lower at a larger variance at any volumetric oil fraction.
However, the effect of the variance on the surface-oil content is not significant because of the larger standard deviation at a larger variance; this is true at all ratio expectations and volumetric oil fractions. Because the microencapsulated lipid diameter is usually a few tens of micrometers, the expectation (mean) of oil-droplet size affects the surface-oil content while the variance of the oil-droplet size barely affects the content for microcapsules containing oil droplets of various sizes.
Conclusions
When the oil-droplet size is reduced in an O/W emulsion system, the specific sur face area of oil droplet increases and a sufficient amount of oxygen is supplied through the inter face between the oil and aqueous 
